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The Chemical Composition of a Metal/Ceramic Interface on an Atomic Scale: The Cu/MgO {111} Interface
Introduction
Metal/ceramic heterophase interfaces are currently receiving a great deal of experimental attention because they are omnipresent in a wide range of materials and structures [1] [2] [3] [4] [5] [6] ; for example, metal matrix composites with ceramic fibers [7] , metal/ceramic nanocomposites [8] , machinable ceramics, metallization of microelectronics circuit structures [9] , semiconductor devices, oxide scales on metals [10] , and dispersion-hardened alloys [11] . The cohesive energies of metal/ceramic interfaces have also been the focus of much theoretical effort, as ultimately the behavior of a metal/ceramic heterophase interface in service is determined by how well these rather disparate materials adhere to one another [12] [13] [14] . In particular, on the experimental side, a great deal of energy has been expended employing high-resolution electron microscopy (HREM) to determine the terminating plane on the oxide side of metal/metal oxide heterophase interfaces by comparing HREM micrographs with micrographs computed using imagesimulation techniques [15] [16] [17] .
In this paper we present the results of a different approach for studying the chemical character of metal/ceramic heterophase interfaces. We employ atom-probe field-ion microscopy (APFIM) to ascertain directly-on an atomic scale-the chemical compositions of individual atomic planes in traversing Cu/MgO {lll}-type interfaces that are produced by internally oxidizing [18] [19] [20] [21] [22] [23] [24] [25] a Cu(Mg) single-phase alloy. This is a particularly interesting metal/ceramic interface, as it involves the bonding of a noble freeelectron metal (Cu) to a strongly heteropolar metal oxide (MgO). The calculated lattice misfit parameter (r/) is 0.1483 for the Cu/MgO system. The heterophase interfaces formed by internal oxidation of a Cu(Mg) alloy have the following important advantages: 1) Impurity atom segregation is essentially nil-our atom probe observations substantiate this point-because of the large total interracial area per unit volume; 2) common low-index directions between the MgO precipitates and the matrix are present that have interplanar spacings suitable for HREM; and 3) all the MgO precipitates that form have a simple octahedral shape bounded by the low-index {222} planes. The APFIM technique is used to both supplement and complement transmission electron microscopy (TEM) and HREM observations of the same interface. Using APFIM, we demonstrate in a direct manner-without data deconvolution-that the bonding across a Cu/MgO {lll}-type interface, along a common < 111 > direction, has the bonding sequence Cu [ O [ Mg... and not Cu [ Mgl O... ; the spacing between the {222} planes of MgO is 0.121 nm, and this is the APFIM spatial resolution of a composition profile along a < 111> direction.
Experimental Procedures
Three different Cu(Mg) alloys were prepared by melting ASARCO copper (99.998+ at.% pure) and Johnson Matthey magnesium (99.98 at.% pure) in a high-purity graphite crucible covered with a loose-fitting graphite cap; the copper was placed on top of the magnesium in the graphite crucible to confine the magnesium vapor during melting of the two elements. Prior to using the high-purity graphite crucible, it was heated for 4 hours at 1473 K under high-vacuum conditions. The covered graphite crucible, containing the copper and magnesium charge, was placed in a quartz tube and evacuated to 1.3.10 -2 Pa, and the quartz tube was backfilled with agron gas and sealed. The small cylindrically shaped Cu(Mg) ingots produced in this manner each weighed approximately 26 g. The particular alloy compositions prepared were Cu-0.16 at.% Mg, Cu-0.7 at.% Mg and Cu-2.8 at.% Mg; these Mg concentrations correspond to single-phase solidsolution alloys at 1173 K [26] . The ingots were rolled into 125-/zm thick sheets for transmission electron microscopy (TEM) and HREM studies, or drawn into 152-/zm diameter wires for APFIM studies.
Cu/MgO internal interfaces were formed by internally oxidizing those alloy specimens utilizing the Rhines pack method [20, 21] ; this pack consists of a powder mixture of Cu plus Cu20 plus AI2Oa (1:1:1 by volume), which is heated in a partial pressure of oxygen equal to the decomposition pressure of cuprous oxide, approximately Po2 < 10-2 Pa [21] . Figure 1 exhibits the rootmean squared-diffusion distance (x/< X z >) of the oxygen diffusion front (in cm) versus time (in min.) for several internal oxidation temperatures and two different Mg concentrations-0.7 and 2.8 at.% Mg-for a plate geometry. This plot was created from the experimental data presented in [21] . Figure 1 demonstrates that the time required for complete internal oxidation increases as the Mg concentration increases from 0.7 to 2.8 at.% Mg. This data also demonstrates that the time for the complete internal oxidation is about 1800 s for the foil thickness we employ, at 1173K, for the 2.8 at.% Mg alloy. The time required to internally oxidize a cylinder completely is approximately 50% of the time to achieve the same condition for a plate [27] . Therefore, an 1800 s treatment results in the complete internal oxidation of the 152-#m diameter wires with 2.8 at.% Mg. To realize a high probability of finding an MgO precipitate in an APFIM specimen, experiments were performed to determine the optimum Mg concentration, internal oxidation temperature, and time for achieving a high number density (>5.1021 m -a) of small-diameter precipitates (<20 nm). There are several parameters that control the number density and the size of the precipitate in the process of internal oxidation. They are the composition of an alloy, the oxidation temperature, and oxidation time. From kinetic studies of internal oxidation, it is known that the mobility of oxygen, and the difference in the chemical affinity of oxygen for an alloying element and a matrix element are the main controlling factors in determining the number density and diameter of metal oxide precipitates. A series of experiments were carried out to obtain a suitable precipitate diameter and number density by varying those parameters. The optimum conditions for combined TEM/APFIM experiments were found to be a Cu-2.8 at.% Mg alloy, an internal oxidation temperature of 1173 K, and an oxidizing time of 1800 s for both the thin sheets and wires.
For the TEM and HREM studies 3-mm diameter disks were punched out of the thin sheets, and a twin-jet polisher (Tenupol) employing a 30 vol.% nitric acid/70 vol.% methanol solution at 243 K was used to prepare electron transparent thin regions. The APFIM specimens were electropolished to a sharply pointed tip with a radius of curvature ranging from 20 nm to 80 nm, after the internal oxidation procedure, utilizing an electrolytic solution with the composition 100 g Na2CrO4:4H20 in 900 ml of acetic acid. A stainless steel cathode in the form of a 25-ram diameter circular loop was used to electropolish the wire-shaped specimens, and the electrolyte was placed in the loop to form a meniscus [28] . To examine the wire-shaped specimens by TEM, a specially fabricated double-tilt stage was eraployed for an Hitachi 7001-I 200 kV electron microscope [28] . This double-tilt stage is unique, as it allows us to examine the same wire FIM specimen both prior to and after an atom-probe study, as well as at any stage of the electropolishing procedure [28] .
Transmission Electron Microscope Results
First, conventional TEM is used to determine both the number density and size distribution of MgO precipitates in order to be certain that a precipitate is found in the small volumeapproximately 10 -21 m a-of an FIM tip, during the course of a pulsed-field evaporation dissection of a tip of an FIM specimen on an atomby-atom basis. Figure 2 (a) is a dark-field TEM micrograph of MgO precipitates in an internally oxidized Cu-2.8 at.% Mg alloy. Note the typical "coffee-bean" strain-field contrast effects, and the line of no-contrast perpendicular to the operating reflection g02o [29] . The contrast variations from precipitate to precipitate are due to the depth oscillations with the position of a precipitate in a thin foil [30] . Figure 2 multibeam conditions reveals the shape of a precipitate without severe strain-field contrast and allows a rough estimate of the precipitate size [31] . The actual diameter of an MgO precipitate is difficult to estimate precisely from the micrographs exhibited in figure 2, since the observed shape and amount of strain-field contrast depend strongly on the diffraction conditions [29] .
The moird fringe method is a more reliable measure of the exact dimensions of a precipitate [32] . Figure 3 displays a TEM micrograph of faceted MgO precipitates, viewed along a [123] direction, that exhibit parallel (llT) moird fringes. The moir6 fringe spacing is 1.5 nm, and the average diameter of the precipitates studied by this technique is 16.2 nm, with a quite broad size distribution [33] .
To determine the number density of MgO precipitates, a wire specimen is used, since this simplifies the calculation of the volume corresponding to the area observed. From TEM micrographs of a wire specimen (shown in figure 10 in detail), we determined that the number density of precipitates is approximately 5.10 21 m-3; this number density is high enough for the precipitates to be readily detected in the tip of an FIM specimen.
High-Resolution Electron Microscope Results
To investigate the atomic scale structure of a Cu/MgO {lll}-type heterophase interface, and to ascertain its geometric shape, HREM observations were performed on Cu-2.8 at.% Mg specimens that had been internally oxidized, as described in section 2. The lattice misfit parameter
where the a's are the lattice parameters of the two phases; its calculated value is 0.1483 for acu = 0.362 nm, and aMgo = 0.42 nm. Axial illumination in an Hitachi H9000 HREM allows the direct observation of the configuration of atoms near an internal interface when proper operating conditions are met [34] . The highresolution micrographs now discussed demonstrate that the MgO precipitates have an octahedral shape, with a cube-on-cube relation on the {111} planes. mately square-shaped figure; two of the sides are, however, slightly curved-the rounding effect at the corners is probably due to the anisotropy of the interracial free energy on a Wulff plot [35] . The truncation of an octahedron by the {100}-type planes gives rise to squares of different dimensions; this is the truncation due to the intersection with the surfaces of the specimen. Second, figure 5 is a HREM image (defocus value of 65.1 nm at 300 kV) recorded employing a common [110] zone axis for an MgO precipitate in a Cu matrix. This micrograph shows quite clearly that the projection of this precipitate on a (110) plane has an hexagonal-shape, although it is not a perfect hexagon because of moir6 thickness effects resulting from the inclined {111} planes; the hexagonal shape arises from the truncation of an octahedron by {ll0)-type surfaces, when they do not pass through its apex. The 0.242 nm interplanar spacing of the (111) planes of this MgO precipitate, and the 0.209 nm interplanar spacing of the (111) planes of the copper matrix are indicated. The diameter of this MgO precipitate is 10 nm. Third, figure 6 is an HREM image (defocus value of 44 nm), also recorded employing a common [110] zone axis, and exhibiting a diamond-shaped MgO projection on the (110) plane; this shape is a result of the truncation of an octahedron by a {ll0}-type surface passing through its apex. To illustrate these observations, figure 7 displays the octahedral shape of an MgO precipitate, as deduced from the HREM images, with the major crystallographic planes indicated. This figure also includes the possible two-dimensional projections of an octahedron created by {001} or {110} surface truncations. The {lll}-type faceted planes seen in figures 4 to 7 can be made even flatter by a post-internal-oxidation annealing treatment under high-vacuum conditions [34, 36] . The number density, however, is lower, and the precipitate diameter greater-30 to 300 nm-when this post-internal-oxidation treatment is employed; therefore, we restricted the present experiments to short internal oxidation times; no post-vacuum annealing treatments were employed. Those HREM images also demonstrate that the orientation relationship is cube-on-cube 1 with the Cu matrix, as found in previous investigations [17, 34, 36] , with an octahedral-shaped precipitate that is faceted on {111} planes. Figure 8 is an HREM micrograph recorded employing a common [110] zone axis (defocus value of 65.1 nm at 300 kV) that exhibits misfit dislocations at the interface between an MgO precipitate and the Cu matrix. The average spacing between the observed misfit dislocations is approximately 1.32 nm, as estimated from figure 8. Thus the lattice misfit between the MgO precipitate and the Cu matrix appears to be accommodated almost completely by localized misfit dislocations; although some residual elastic straining may also be present at Cu/MgO {lll}-type interfaces. It is interesting to note that in spite of the large value of 7/(14.83%) the precipitate is semi-coherent with the matrix [34, 36] . Since the interface contains a 2-[D] hexagonal network of misfit dislocations that would, in general, be inclined to the viewing direction, a detailed contrast analysis would be necessary to determine the degree of misfit localization.
The spacing between misfit dislocations (SD) is given by ZI/ , where b is the Burgers vector of the edge dislocations in Cu (0.256 nm), and a is the fractional lattice parameter mismatch with respect to Cu (0.16). Thus, the value of SD in the {lll}-type plane is 1.6 nm along a <ll0>-type direction. The projection of this Sm onto the {ll0}-type plane, along <ll2>-type direction, is given by x/3/2 and is equal to 1.38 nm. 2 Therefore, the fractional difference between the calculated misfit dislocation spacing (1.38 nm) and the observed spacing (~ 1.32 nm) is small. Figure 9 demonstrates the atomic mismatch across a Cu/MgO {111} heterophase interface using a hard-sphere model. Misfit dislocations appear in this hard-sphere model at approximately the correct spacing, without employing atomic relaxations, as expected, since six interatomic distances in MgO correspond (within 0.56%) to seven interatomic distances in copper. This is clearly seen in figure 9 , which is a side view of the Cu/MgO {111} heterophase interface along a <110> direction.
Atom.Probe Field-Ion Microscope Results
For a chemical analysis of a Cu/MgO {111}-type interface, a sharply pointed atom-probe spec- [37] . Note that the number density of MgO precipitates is high enough that the pulsed field-evaporation of this specimen is likely to result in the random intersection of the surface of the FIM tip with a precipitate. This is a crucial point, since if the number density of precipitates is not high enough then the probability of finding an MgO precipitate in the volume of an FIM tip is essentially nil. Alternatively, it is possible to use a combination of TEM and careful electrochemical backpolishing techniques to place a preselected metal oxide precipitate in the field-of-view of a field-ion microscope image [28, 38] . Figure 11 is a schematic drawing illustrating the relationship between an MgO precipitate and the chevron ion detector in the atom probe [39a]. The MgO precipitate sits in an FIM specimen such that a {222}-type plane is parallel to the channel electron multiplier array containing a circular probe hole; that is, for instance, a (222) bounding plane of an octahedral-shaped MgO precipitate is parallel to a (111) plane of the Cu matrix. The distance from the probe hole to the FIM is typically between 4 and 6 cm, and the distance from the FIM tip to the chevron ion detector is approximately 2.24 m; the chevron ion detector consists of two channel electron multiplier arrays in series to yield a gain of .~ 10 6 for a single ion [39b] . The projected diameter of the probe hole on the surface of the FIM tip is varied by changing the distance between the FIM specimen and the channel electron multiplier array [39a]. In the cases to be discussed (see figures 12 to 16), this distance was adjusted such that the projected diameter of the probe hole is less than the diameter of a precipitate. A pulsed dissection process consists of applying a series of pulse voltages (Vp) on top of a steady-state imaging voltage (Vat), as this results in the dissection of a specimen on an atom-by-atom basis; pulsed field-evaporation is a highly controllable process that has been successfully employed to observe individual point defects-vacancies and self-interstitial atoms-in the bulk of specimens [40] , as well as small precipitates in metal alloys [41] [42] [43] [44] [45] . As illustrated in figure 11 , all the atoms in the cylinder of material with the diameter D are analyzed-that is, their mass-to-charge state ratios are determined-on an atom-by-atom basis. For the geometry illustrated in figure 11 , no matrix correction to the composition of a precipitate is required; alternatively, if the diameter of a precipitate is smaller than the projected diameter of the probe hole on a precipitate, then there is a potential correction to a precipitate's composition. In the case of MgO precipitates, there is no solid solubility of Cu in MgO; hence, even if Cu is detected while dissecting a precipitate, this is Cu from the matrix and not from the precipitate; the problem of a possible matrix contribution to a precipitate has been dealt with in some detail elsewhere [46] .
The same specimen exhibited in figure 10 was transferred to our atom probe for a chemical analysis of a {lll)-type interface. Figure 12 is an FIM micrograph exhibiting an MgO precipitate in the Cu matrix. The heterophase interface of the MgO precipitate is parallel to the (111) planes of the Cu matrix; this is consistent with the HREM observations, and it also implies that Figure 13 is a series of FIM micrographs recorded at various stages of a pulsed field-evaporation dissection sequence of this MgO precipitate; the actual dissection process is on an atom-by-atom basis, and these six FIM images are simply representative of this process. Image 1 is at the beginning of the pulsed-field dissection process of this precipitate, and by image 6 the MgO precipitate has been completely removed; the black arrow heads point at the MgO precipitate. It is emphasized that both the MgO precipitate and the Cu matrix are simultaneously removed by this techniquesee figure 11 . Also note that individual atoms within the MgO precipitate are resolved at different stages of its dissection; furthermore, the precipitate exhibits well-developed contrast features outlining its atomic scale geometry. Figure 14 is a histogram of the number of events versus the mass-to-charge state ratio of a Cu specimen containing an MgO precipitate; the ordinate is a logarithmic scale, while the abscissa is a linear scale. This mass spectrum is dominated by the Cu peaks due to the presence of both singly (Cu 1+) and doubly (Cu 2+) charged Cu ions; the two peaks for each charge state are due to the two naturally occurring isotopes of Cu with the masses 63 and 65 amu. Also note the presence of singly and doubly charged O ions-those peaks are due to the isotope with the mass 16 amu-as well as singly charged Mg ions from an MgO precipitate. The presence of a peak due to singly charged hydrogen ions is also present; this peak is from the ambient pressure in the atom probe. This atom-probe analysis was performed at a background pressure of 1.2.10 -8 Pa and a constant tip temperature of 35 K.
For the analysis of a specimen containing MgO precipitates, the pulse fraction (f)-the ratio of Vp to Vdc-is maintained at 0.1, and a pulse frequency of 15 Hz is used to dissect the specimen on an atomic scale [39, 46, 47] . The detection efficiency-that is, the ratio of the ions detected to the number of field-evaporation pulses-is maintained at a constant value of 0.0062, via software in our fully computer-controlled (Macintosh II fx) APFIM [39] ; the value of Vac is automatically increased by 10 Vac for every 1,000 field-evaporation pulses if no event is detected. This highly controlled procedure results in the continuous and smooth dissection [39, 46, 47] of a series of (111) planes, as well as other planes on the surface of the approximately hemispherical FIM tip. The central (111) plane exhibited in figure 12 is placed under the probe hole, and the ions collected therefore correspond to a "boring" along a [111] direction. For this geometry the APFIM spatial resolution of a composition profile across a Cu/MgO (111) interface is determined by the interplanar spacing of the (222) planes of an MgO precipitate. The probe hole in the channel electron multiplier array used to view a specimen was placed at a distance from the tip such that its projected diameter covered a small number of atoms [47] [48] [49] [50] . Figure 15 is an integral profile of the cumulative number of Mg or O ions versus the cumulative number of Cu plus Mg plus O ions [51] . It was created by performing a random area analysis along the [111] direction of the Cu matrix. The Cu signal on the ordinate is omitted for clarity because of the large difference between its value and the Mg or O values. The projected diameter of the probe hole on the tip is smaller than the diameter of the MgO precipitate uncovered; this implies that no correction to the data is required [46] . It is seen from this integral profile that the matrix is essentially pure Cu up to the Cu/MgO (111) interface; prior to the Cu/MgO (111) interface, only 13 oxygen events were detected out of a total of 10,899 Cu plus O plus Mg events for a bulk concentration of .~10 -3 at. fr. oxygen; in addition, only one Mg event was detected for a bulk concentration of ~9.10 -5 at. fr. magnesium. Note carefully that the outermost (222) plane of ions of the MgO precipitate consists solely of oxygen ions, and the second (222) plane consists solely of magnesium ions. (At this point the specimen failed catastrophically, presumably because the evaporation field of a magnesium ion is considerably lower than that of an oxygen ion.) The APFIM depth resolution of this integral profile is equal to the interplanar spacing along the [111] direction in the MgO precipitate-d222 = aMgO/(2v/3) = 0.121 nm. The crystal structure of MgO is NaCItype (rock-salt structure), and, therefore, the compositions of point-defect free (222) planes alternate from 100 at.% oxygen to 100 at.% magnesium as one travels along a [111] direction from the Cu matrix to a common [111] direction in the MgO precipitate (see figures 9 and 11). Thus, the experimental results for this precipitate demonstrate directly-that is, without data deconvolution-that the bonding across a Cu/MgO (111) interface has the sequence CulOIMgl... and not CulMglOI. Figure 16 is an integral profile along a [111] direction across a Cu/MgO (111) interface in another octahedral-shaped MgO precipitate. In this case, no Mg events were detected in the matrix, while 7 oxygen events were detected out of a total of 815 events, and this implies a bulk concentration of <10 -a at. fr. magnesium and 8.6.10 -3 oxygen. Once again, there is an abrupt transition from an essentially pure Cu matrix to a (222) plane in the precipitate that is 100 at.% oxygen, and the second (222) plane is 100 at.% magnesium (again the tip failed catastrophically). The depth resolution is 0.121 nm for this profile, just as it is in figure 15 . Thus, once again, the experimental results for this precipitate demonstrate directly that the bonding across a Cu/MgO (111) interface has the sequence CulOIMgl... and not Cu I Mgl O I .... 
